Introduction
Hospital Acquired Pressure Injuries are insidious, multi-factorial complications arising from sustained pressure and/or damage caused by shear and friction forces (NPUAP, 2014; Russo et al., 2008; Bauer et al., 2016) . In the United Kingdom, hospital acquired pressure injuries occur in approximately 2000 patients per month within the National Health Service (Unit CAS, 2015) . In the United States, over 250,000 pressure injuries were subjected to mandatorily reporting in 2007 (Anon, 2015) . Between 1993 and 2006 , Hospital Acquired Pressure Injuries-related hospitalizations rose by 78.9% (Russo et al., 2008) , prompting the US Centers for Medicare and Medicaid to cease reimbursing healthcare organizations for HAPI-related care. In 2011, the National Quality Forum added Hospital Acquired Pressure Injuries to their list of "Never Events" (Serious Reportable Events that are identifiable and measurable) (NQF, 2011) . Thereafter, a study of 210 academic medical centers found a rather precipitous reduction in Hospital Acquired Pressure Injuries, from 11.8/1000 inpatient stays in 2008 to 0.8/1000 inpatient stays in 2012 (Padula et al., 2015) . It is unknown whether this drop was due to implementing best-practices or administrative influences (Padula et al., 2016) . In 2014, the Patient Protection and Affordable Care Act (Rosenbaum, 2011) further incentivized the prevention of Hospital Acquired Pressure Injuries with reimbursement penalties levied against health care organizations with the highest rates of Hospital Acquired Conditions.
Current joint-prevention guidelines (NPUAP, 2014) from the European, American, and Pan-Pacific agency's for preventing pressure injury recommend individualized care plans, appropriate supportive surfaces, and modulating the frequency of repositioning based on individual patient needs. However only 14% (Black, 2015) of these guidelines were supported by evidence; the majority of which was indirect or expert opinion (NPUAP, 2014) . The standard of care for patients in the Intensive Care Unit is redistribution of weight every two hours while in bed, and every hour while in a chair (Improvement IfCS, 2012) . However, globally, studies evaluating patient turning reveals poor compliance with turning protocols, and varying rates of pressure injuries (3%-37%) (NPUAP, 2014; Unit CAS, 2015; Barrois et al., 2008; Jiang et al., 2014; Prentice, 2007; Prentice and Stacey, 2002) .
For example, a study of 39 Intensive Care Units (Goldhill et al., 2008) in the UK revealed the median time to repositioning was four hours, while 5% of patients remained in position for longer than eight hours. A similar study of three Intensive Care Units in the United States found that 97% of patients did not receive standard repositioning every two hours, and 50% were supine for up to eight hours (Krishnagopalan et al., 2002) . These studies did not assess the association between repositioning and Hospital Acquired Pressure Injuries -a common limitation. To reinforce this point, a recent systematic review concluded that there is little available evidence addressing the question of whether repositioning patients decreases the risk of acquiring pressure injuries (Gillespie et al., 2014) . The need to use direct observation and selfreported data to record turning compliance is contributive to this lack of evidence (Goldhill et al., 2008; Krishnagopalan et al., 2002; Gillespie et al., 2014; Lyder et al., 2001; Mazano et al., 2014; Schallom et al., 2005) . Current methodologies miss actual care episodes, do not capture the effectiveness of a turn in redistributing pressure, and introduces significant observer and self-report biases.
In environments like the Intensive Care Unit, a wearable patient sensor may overcome these limitations by providing an objective recording of patient turning practices. The Leaf Patient Monitoring System (Leaf Healthcare, Inc.) is a wearable patient sensor ( Fig. 1 ) that measures body position and provides feedback promoting optimal turning practices. In non-experimental implementation trials, this system has been reported to have increased turning compliance (Tarver et al., 2014; Walters et al., 2016; Parker et al., 2015) , however the effect on Hospital Acquired Pressure Injuries has not been studied. The purpose of this randomized clinical trial was to assess whether the use of a wearable patient sensor, to promote optimal turning practices, is effective in increasing turning compliance and preventing Hospital Acquired Pressure Injuries in patients admitted to an Intensive Care Unit.
Methods

Study design and participants
This is an investigator-initiated, pragmatic, single site, open label, two arm, parallel, randomized clinical trial conducted from September 2015 to January 2016, for patients admitted to either of two Intensive Care Units at a large Academic Medical Center. Intensive Care Unit A (25 beds) specializes in the care of post-cardiothoracic surgical patients; Intensive Care Unit B (33 beds) specializes in the care of critically ill medical, surgical, and trauma-related patients. Study exclusion criteria were: patients less than 18 years of age; patients with an issue preventing effective sensor adhesion (i.e. a sternal dressing) or known adhesive sensitivity; extreme frailty/acuity as determined by clinicians, precluding study participation; or patients exercising their right of refusal. Ethics approval with a waiver of individual authorization was granted prior to study commencement. A detailed protocol is available (Pickham et al., 2016) , and the study is registered with ClinicalTrials. gov, NCT02533726. D. Pickham et al. International Journal of Nursing Studies 80 (2018) 12-19 
Randomization and intervention
Randomization was performed by the investigators and concealment achieved using individual opaque envelopes. Permuted sizes of blocks of two, four, and six were used to approximate equal sample sizes for each stratum (ICU unit [A and B] and treating service team [medicine and surgery]). A wearable patient sensor was applied to the chest below the suprasternal notch. Once enrolled, group allocation was revealed and the patient monitoring system was selected to function in either a control or treatment mode. For patients allocated to the control group, their sensor was recording but data did not feedback to bedside clinicians. Clinicians caring for patients in the control group relied on standard care practices relying on traditional turning reminders, unaided by sensor data. Patients allocated to the treatment group had their sensor data relayed back to a point-of-care dashboard, offering the clinician real-time data on the quality of the turn performed, the patient's current position, and the time-to-next turn (eFig. 1). Patients were blinded to group allocation. Clinicians were not blinded but were independent to the study team.
Care delivery
Prior to the study, nurses were provided up to one hour of education on the functioning of the sensor and the patient monitoring system. To access the system, nurses were required to open the monitoring dashboard at the bedside (a computer is available in each ICU room), by clicking an icon located on the desktop of their computer. All nurses were instructed to open the dashboard for all patients throughout their shift. Patients' sensor data were continually recording and securely stored regardless of whether the bedside dashboard was opened and visible to the nurse. Nurses caring for patients in the treatment group would receive visual warnings if the patient was not turned in accordance with established protocols (i.e. turning frequency of two hours and a 20°turning threshold). Once turned the visual advisory would reset automatically and display the new time-to-next turn.
Measurement of patient turning
The wearable patient sensor measures patient turning by assessing its relative position within a three-dimensional space, and every ten seconds relays these data through a mesh network of antennae to a secure SQL database. To minimize signal noise, offline and prior to analysis, a filter was applied registering a turn only if the patient was in the prior position for one minute, turned to a new position, and held the new body position for at least one minute. Changes in position were then calculated to determine the degree of position change, as well as the duration of time spent in each position.
Minimum thresholds for turning were established based on best available evidence and expert opinion (Herrman et al., 1999; Anon, 2014) . For this study these were: turning at minimum every two hours; a minimum turn angle of 20°; with at least 15 min of tissue depressurization -which was a dynamic target. For example, if a patient stayed on his/her newly turned side for half of the minimum expected depressurization time (e.g. seven and half minutes vs. fifteen minutes), then the time-to-next turn was proportionally adjusted (i.e., turn time would be reduced by 50%, such that a turn would be required within one hour instead of two hours). This was performed continuously to achieve at least 15 min of cumulative tissue depressurization time every two hours.
Clinical outcomes
Development of a hospital acquired pressure injury was the primary outcome. Documentation and staging of pressure injuries was performed by the clinical team independent to the study. Nursing staff routinely perform a head-to-toe skin assessment for each patient, every shift. Any remarkable findings are documented and a daily report is generated for assessment within 24 h by an independent Certified Wound, Ostomy, and Continence Nurse; This person was independent of the study and blinded to group allocation. If a HAPI was present, the wound was staged using the National Pressure Ulcer Advisory Panel staging criteria (Anon, 2015) and documented in the clinical record using standard documentation procedures.
The total time with turning compliance was the secondary outcome. If a turn was not performed when expected (every two hours), then any past-due time was considered to be non-compliant time, until a satisfactory turn was detected by the monitoring system. For example, if a patient was admitted for five hours and was repositioned after three hours, then the patient's care was considered to be compliant for hours one and two, non-compliant for hour three, and if turned adequately, compliant for hours four and five. Total compliant time would be four out of five hours (80%). For each patient, the duration of Intensive Care Unit stay was classified according to whether care was compliant or non-compliant using the following formula: [Total Monitoring Time − Non-Compliant Time]/Total Monitoring Time.
Statistical analysis
We planned to enroll 1812 patients to provide 80% power to detect a 50% difference in Hospital Acquired Pressure Injuries between study groups (Anon, 1992 ) (i.e. 5% with HAPI in the control group vs. 2.5% with HAPI in the treatment group).
Originally, one interim sample-size calibration was planned to be conducted by the principle investigator; to verify whether the study remained sufficiently powered. In data provided by the clinical team, the observed outcomes were less than expected and sample size recalculation demonstrated the need for the enrollment of many more thousands of patients per group. As a pragmatic clinical trial undertaken in two very active intensive care units, it was determined that the additional costs and resources now necessary to complete the trial was prohibitive. The study team deemed the study to no longer be viable. The study was abandoned and enrollment ceased. Soon thereafter it was brought to our attention by the clinical team that the clinical data provided and used in the interim sample calculation were not correct. An error had been made. Thus, the trial had incorrectly been abandoned after 73% of the target enrollment had been achieved. We therefore performed a final analysis on a sample size that had not reached target, for reasons described above, and report the following results herein.
Primary treatment efficacy was estimated based on an intention-totreat analysis. A Fisher's Exact test was used to test for differences in the development of Hospital Acquired Pressure Injuries between treatment groups. These were adjusted to examine for the possible influence of admitting team (medicine vs. surgery) or unit of admission (ICU A vs. ICU B), as well as risk for pressure injury based on Braden score. The Braden score (Bergstrom et al., 1987 ) is a validated tool comprised of six sub-scales (eTable 1) and is used to characterize a patient's risk for developing a pressure injury. In this study, Braden Score was used to stratify patients into three groups; low risk (19+), medium risk (13-18), and high risk (< 12). Secondary outcomes were analyzed using an independent samples Mann Whitney U test for differences in total time with turning compliance overall, and for high risk patients (mechanical ventilator dependent) -with absolute and relative changes reported. Linear and logistic regression analyses were performed to estimate the unadjusted associations between demographic and clinical factors, and the primary and secondary outcomes. Forest plots were constructed to graphically depict these associations. Sensitivity analyses was also performed comparing the intention-to-treat to per-protocol analyses (Harmonisation ICo, 1998) . All tests were conducted at a 0.05 level of significance. Analysis was performed using SPSS Statistics (v.22, IBM).
Results
During the study period, 1564 patients were admitted to an Intensive Care Unit; 252 (15%) were not enrolled due to patient/family choice, extreme frailty/acuity, sensitivity or inability to adhere sensor, and for other undocumented reasons. Of the eligible patients, 1312 underwent allocation (Fig. 2 -CONSORT diagram) .
Baseline data
Demographic and clinical characteristics were similar between control and treatment groups ( Forty-six patients (3.5%) experienced at least one Hospital Acquired Pressure Injury during admission to an Intensive Care Unit. A Certified, Wound, Ostomy, and Continence Nurse determined that sixteen patients had an injury caused by a medical device and ten patients had an injury present on admission to the Intensive Care Unit. Subsequently, twenty patients (1.5%) developed a total of thirty individual position-related Hospital Acquired Pressure Injuries (eTable 2). The majority of pressure injuries were deep tissue injuries (n = 10) or classified as being of Stage II (n = 9), involving either the sacrum (n = 13) or buttocks regions (n = 7).
Pressure injuries were evident within fifteen patients in the control group (2.3%, [4.3 patients with HAPI per 1000 ICU patient days]) and five patients in the treatment group (0.76%, [1.3 patients with HAPI per 1000 ICU patient days]). The intervention had a significant protective effect against pressure injury (OR = 0.33, 95% CI [0.12, 0.90], p = 0.031). This effect remained after adjusting for admitting team, unit of admission, and risk for pressure injury (p = 0.038). The Number Needed-to-Treat to prevent one additional Hospital Acquired Pressure Injury was sixty-two. Univariable analysis for developing HAPI demonstrated that older age was associated with reduced odds for Hospital Acquired Pressure Injury, while abnormal Glasgow Coma Scale score, higher lactate values, steroid use, higher APACHE II score and longer length of stay in the Intensive Care Unit, were associated with greater odds for Hospital Acquired Pressure Injuries (Table 2 and eFig. 3).
Secondary
103,000 h of patient positioning data were obtained (Med = 40 h, IQR = 19 h-91 h). There was strong evidence to suggest treatment affected the proportion of time compliant (treatment, 67% vs. control, 54%, p < 0.001). In patients at high-risk for pressure injury (Braden Score < 12), relative difference in the total time with turning compliance was 43% (treatment, 67% v control, 47%, p < 0.001). In univariable analyses, male sex, greater body mass index, surgical team, 
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Turning magnitude and depressurization time
Sensors recorded 178,039 position changes; 64,450 (36%) met criteria to be classified as a 'turn' (control = 35% [27, 566] vs. treatment 37% [36, 884] ). We analyzed the first 72-h of care provided to ventilator-dependent patients (n = 281, control = 127 vs. treatment = 154). Turning compliance in this subset was greater with the intervention (67% vs. control = 51%, p < 0.005), however the average turn magnitude (21°, p = 0.923) and the proportion with adequate tissue depressurization time (39%, p = 0.145) were no different.
Sensitivity analysis
Primary and secondary outcomes were compared using a per-protocol analysis (Harmonisation ICo, 1998) . Post-randomization exclusions were due to: no sensor monitoring data available (n = 43), patients not meeting a minimum monitoring threshold (> 2 h) (n = 29), and patients receiving both interventions during Intensive Care Unit admission ([n = 14], misallocated after returning to the Intensive Care Unit). After accounting for these changes exclusions and adjusting for cross-over 1226 subjects were included in the per-protocol analysis (n = 671 treatment, n = 555 control) ( Table 3) . Consistent with the intention-to-treat analysis, treatment effects remained significant between groups (Hospital Acquired Pressure Injury, Δ + 6%, OR = .27, 95% CI [0.10, 0.75], p = 0.012; Compliant time, Δ + 2%, 95% CI [0.08, 0.13], p < 0.001).
Discussion
In this pragmatic randomized clinical trial, optimal patient turning with adults admitted to an Intensive Care Unit was greatest using a wearable patient sensor; improving the total time with turning compliance and significantly reducing the odds for developing Hospital Acquired Pressure Injuries. The intervention was associated with a significant increase in the total time with turning compliance for patients at high risk for pressure injuries.
Hospital Acquired Pressure Injuries are multifactorial, with patients in the Intensive Care Unit possessing an elevated risk profile due to immobility and other clinical factors (Cox, 2011) . In our study, over 30% of patients had restricted mobility (eTable 1). Prior studies evaluating the association between patient turning and the development of Hospital Acquired Pressure Injuries have failed to sufficiently establish a benefit (Gillespie et al., 2014) . Mazano et al. found that increased turning frequency had no impact on pressure injury formation in patients who are mechanically ventilated (10% v 13%, p = .730), but did increase device-related adverse events (p = .020) (Mazano et al., 2014 (Chaboyer et al., 2016) . Two other trials assessed dedicated turning teams for reducing Hospital Acquired Pressure Injuries. McGuinness et al. developed a skin and wound assessment team, and conducted bedside consultations and rounding. This intervention reduced HAPI by 48% when compared to historical controls (McGuinness et al., 2012) . Similarly, Still et al. deployed a two person turning team in a surgical Intensive Care Unit, resulting in a three-fold reduction in Hospital Acquired Pressure Injuries (15% v 5%) (Still et al., 2013) . Despite suggestion of a benefit from patient turning, the implementation was not sustained due to the resource-intensive nature of the intervention. The rate of Hospital Acquired Pressure Injuries was reported to have increased once the focus on the trial subsided (Still et al., 2013) .
The pragmatic nature of our study and the comprehensive data obtained from continuous monitoring allows us to make a series of novel observations. It is important to note, as the wearable sensor is placed on the trunk of a patient, it will only detect changes in trunk position and not the off-loading of the heels or other body parts. Notwithstanding, to our knowledge this is the first study to use wearable patient sensors to report data on turning magnitude. To do this we established a minimum turn angle threshold that was based on the best available evidence (20°) (Herrman et al., 1999; Anon, 2014) . Although we detected a difference in compliance time, we did not detect differences in turn magnitude between groups. It is probable that the angle (7) 14 (7) 13 ( (72) 472 (72) 944 (72) D. Pickham et al. International Journal of Nursing Studies 80 (2018) 12-19 threshold used in this study already mimics current turning practices in the Intensive Care Units, and was therefore too conservative. Increasing the turn angle threshold to the recommended 30° (Barrois et al., 2008; Jiang et al., 2014) may have driven higher magnitude turns in the treatment group, thus increasing the likelihood of detecting measurable differences between groups. Similarly, overall adequate tissue depressurization time was low. Only 39% of turns were sustained for at least 15 min. To minimize signal noise associated with frequent changes in patients' body position, a one-minute filter was applied to each body position change. Beyond the placement of a sensor, the intervention did not include positioningaids to assist patients with maintaining a stable body position (i.e. foam wedges or fluid-positioning devices). Consequently, the intervention increased the frequency of turning for Intensive Care Unit patients, but once turned, patients in both groups performed similarly; up to 60% were unable to maintain their body position and meet target time for tissue depressurization. Future research assessing the dose and delivery of patient turning should include position-stabilizers to maintain the quality of patient turns.
In addition to the novelty of this study, the pragmatic nature has many advantages over prior studies. First, this study used a wearable patient sensor to capture detailed measurements of the frequency and for the first time, the dose of patient turning. No other study has been able to record dosing data, such as turning angle and tissue depressurization time in hospitalized patients. The finding that only 36% of patient turns reach a minimum turn angle threshold of 20°and only 39% of patients maintain their new position for at least 15 min of tissue depressurization, are the first quantitative data on turn dosing in Intensive Care Units. Second, randomization was completed at the point-of-care, providing for contemporaneous comparisons within the same patient population and care environment. Other studies, due to limitations, have to randomize at the unit level, due to the difficulty maintaining fidelity with individual patient treatment regimens (Goldhill et al., 2008; Krishnagopalan et al., 2002; Moore et al., 2011; Bergstrom et al., 2014) . Third, as a pragmatic trial, very few patient exclusion criteria were applied, and standard clinical care practices and documentation were used. Unlike studies that introduce study-specific treatment protocols and documentation, the pragmatic trial maximizes the interpretability and applicability of study findings (Califf, 2016) .
In considering the clinical implications of this system, we report the number needed-to-treat to prevent one Hospital Acquired Pressure Injury in this study to be sixty-two patients, though the valid clinical number is yet to be determined. As the first study to utilize a wearable patient sensor to assess care delivery in Intensive Care Units, we applied a sensor to all consecutive patients, regardless of their risk for pressure injury. Consequently, the risk of Hospital Acquired Pressure Injury within our cohort is highly variable, including up to 65% of patients being at low risk. In clinical practice this technology would be limited to patients at moderate or high risk for Hospital Acquired Pressure Injury, likely increasing the incidence density and subsequently reducing the number needed-to-treat. Dedicated studies are needed to further establish this clinical number.
The results of this study should be interpreted in relation to the following limitations. First, clinical data related to support surfaces was incomplete. There is a potential threat to internal validity due to confounding variables, however as a pragmatic study we did not alter or change the bed utilization protocol and therefore assume this to be random across groups. Second, due to differences between the study units, we randomized individual patients vs. performing unit cluster randomization. As such there are potential threats to external validity due to reactivity to the experimental situation and treatment diffusion. Third, as a pragmatic trial the organizations technical implementation plan required nurses to launch the monitoring application manually using a two-step login. Eliminating this step would have increased adherence to the study intervention, potentially increasing the difference in time with turning compliance between groups. Fourth, the study was abandoned prior to enrollment reaching target based on clinical outcome data that were later identified to be incorrect. After receiving the corrected data, a final analysis was performed and there was evidence to suggest a significant treatment benefit. Assuming the null hypothesis is correct, the probability of obtaining these findings or findings more extreme is approximately 3%.
Conclusion
Among acutely ill adult patients requiring admission to an Intensive Care Unit, optimal turning was greater with a wearable patient sensor, increasing the total time with turning compliance and demonstrating a statistically significant protective effect against the development of Hospital Acquired Pressure Injuries. These are the first quantitative data on turn quality in the Intensive Care Unit and highlight the need to reinforce optimal turning practices. Additional clinical trials leveraging technologies like wearable sensors are needed to establish the appropriate frequency and dosing of individualized turning protocols to prevent pressure injuries in at-risk hospitalized patients.
